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Abstract

Frailty is an age-related syndrome that drives multiple physiological system impairments in some older adults, and its pathophysiological
mechanisms remain unclear. We evaluated whether frailty-related biological processes could impair stem cell compartments, specifically
the renal stem compartment, given that kidney dysfunctions are frequent in frailty. A well-characterized in vitro nephrosphere model of
human adult renal stem/progenitor cells has been instrumental to and was appropriate for verifying this hypothesis in our current research.
Evaluating the effects of plasma from older individuals with frailty (frail plasma) on allogeneic renal stem/progenitor cells, we showed sig-
nificant functional impairment and nuclear DNA damage in the treated cells of the renal stem compartment. The analysis of the frail plasma
revealed mitochondrial functional impairment associated with the activation of oxidative stress and a unigue inflammatory mediator profile
in frail individuals. In addition, the plasma of frail subjects also contained the highest percentage of DNA-damaged autologous circulating
hematopoietic progenitor/stem cells. The integration of both molecular and functional data obtained allowed us to discern patterns associated
with frailty status, irrespective of the comorbidities present in the frail individuals. The data obtained converged toward biological conditions
that in frailty caused renal and hematopoietic impairment of stem cells, highlighting the possibility of concomitant exhaustion of several stem
compartments.
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Frailty is a multidimensional geriatric syndrome that can be
associated with aging. It is defined as a state of increased vul-
nerability, resulting from the deterioration of several phys-
iological systems, a decrease in functional reserves, and a
diminished ability to maintain homeostasis (1). Frail individ-
uals exhibit a reduced capacity to cope with both internal and
external stressors, putting them at high risk of severe adverse
outcomes such as falls, fractures, hospitalizations, iatrogenic
complications, and mortality (1). One of the most commonly
used methods for assessing frailty relies on the Fried pheno-
type, which defines frailty as the presence of at least 3 out

of 5 clinical criteria (2,3). These criteria comprise uninten-
tional weight loss, fatigue in performing daily living activi-
ties, reduced walking speed, a low physical activity level, and
diminished muscle strength. Frailty is not synonymous with
either comorbidity or disability, and adverse outcomes can
occur independently of their presence (1,2). The WHO World
Report on Aging and Health (4) states that the prevalence of
frailty in older adults aged 65 or older is approximately 17%
and tends to increase with advancing age.

The underlying pathophysiological mechanisms that lead
some older adults to develop frailty remain unclear due to the
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complex interactions among the different proposed hallmarks
of aging during the biological aging process (5,6). In fact,
molecular processes, such as increased production of reactive
oxygen species (ROS) following age-related mitochondrial
dysfunction (7), DNA damage, with the body’s response to
such damage (8), and the local production of inflammatory
cytokines in the context of “inflammaging” (chronic low-
grade inflammation in aging in the absence of manifest infec-
tion) (9) are systemic processes that are highly interconnected
during aging (10). These interconnections make it difficult to
determine the extent to which these processes contribute to
biological aging development itself or act as drivers of various
age-related diseases. To date, no univocal biological indica-
tors are available to explain the development of frailty and
identify frail individuals (11,12). Consequently, several stud-
ies aiming to shed light on frailty development are still under-
way, particularly because early frailty can be reversible (1,2)
and therefore manageable.

Among the proposed cellular and molecular hallmarks of
aging is stem cell exhaustion (5,13), which is a consequence
of the increased vulnerability of stem cells due to the various
types of age-related damage they accumulate. Recently, we
demonstrated that a significantly higher percentage of CD34+
circulating hematopoietic progenitor/stem cells (cHPSCs),
as well as peripheral blood mononuclear cells and CD3+ T
cells, have DNA damage in frail older adults, and there is
a significantly elevated oxidative stress level in their plasma
(14). In the literature, DNA damage in hematopoietic stem
cells is associated with their functional impairment (15,16).
Pondering these data, we asked whether it was possible to
identify specific biological features that could highlight
impairments in different stem compartments in a clinical
setting of frail older adults. Of note, there is evidence that
progressive renal dysfunction is often present in frailty (17—
19). Among older adults with moderate-to-severe chronic
kidney disease, 20.9% are frail (17), and the prevalence of
frailty in dialysis-dependent patients 265 years old is 71.4%
(20). These observations led us to explore whether impair-
ment of the renal stem cell compartment could be a possible
factor involved in frailty development. The availability of a
well-characterized in vitro model of human adult renal stem/
progenitor cells grown as nephrospheres (NSs) (21-23) in our
laboratory has been instrumental to and is appropriate for
verifying this hypothesis in our current research. Evaluating
the effects of plasma from older individuals with frailty (frail
plasma) on allogeneic renal stem/progenitor cells, we showed
significant functional impairment and nuclear DNA damage
in the treated cells of the renal stem compartment. The anal-
ysis of the frail plasma revealed mitochondrial functional
impairment associated with the activation of oxidative stress
and a unique inflammatory mediator profile in frail individ-
uals. Moreover, the plasma of these frail subjects contained
the highest percentage of autologous DNA-damaged cHPSCs.
In addition, the integration of both molecular and functional
data allowed us to discern patterns associated with frailty
status, irrespective of the comorbidities present in the frail
individuals.

Method

Study Population

A group of 76 older adults (41 frail and 35 non-frail) aged
>65 years were recruited from the outpatient services of the

Acute Geriatrics Unit, San Gerardo Hospital, IRCCS San
Gerardo, Monza, Italy. The exclusion criteria were illiteracy,
psychiatric disorders, Parkinson’s disease, cognitive impair-
ment (moderate or worse), multiple sclerosis, neurodegener-
ative diseases, hip fracture, or other severe trauma affecting
mobility. The identification of a frail phenotype in all 76 sub-
jects was based on the 5 operative criteria reported by Fried
et al. (2). The comorbid conditions of these older adults are
described in Supplementary Methods and for the purpose of
overall data integration, the older adults were stratified by the
comorbidity cutoff 2, generating subgroups with <2 and >2
pathologies (24). Thirty-eight young subjects aged between
25 and 35 years with a healthy lifestyle, no history of past or
present drug abuse, alcohol consumption, or smoking, and
without functional disability or acute pathologies in prog-
ress were recruited as control group. Analytical data of study
population are reported in Supplementary Table 1A and B.
Whole blood from the recruited individuals was collected into
BD Vacutainer tubes with sodium heparin (Becton Dickinson,
Franklin Lakes, NJ, USA). The plasma was separated by cen-
trifugation at 1 500g for 15 minutes, scaled in aliquots, and
stored at —80°C until analysis.

Renal Tissues

Kidney tissues were obtained from 21 patients (12 males and
9 females), after nephrectomy performed at Urology Unit,
IRCCS San Gerardo (Supplementary Table 2) and the normal
tissues, from the opposite side of the pathological tissue, were
isolated by an experienced pathologist.

Ethics Approval

The study was conducted according to the principles of the
Declaration of Helsinki IT and approved by the Brianza Ethics
Committee, Monza, Italy (code FRA-ARSC), on March 22,
2018. Sensitive information about the recruited individuals
was available to researchers anonymously. The participants in
the study were volunteers, and all were fully informed about
the study protocol and the nature of their participation. Each
participant signed an informed consent form, and the docu-
ments were stored at San Gerardo Hospital.

Nephrosphere Cultures and Plasma Treatment

Normal kidney tissues were dissociated as described (235).
The single-cell suspension obtained was plated allowing
adhering for 24-48 hours (21); the cells were then detached
enzymatically and plated at low density (10 000 cells/mL) in
nonadherent condition in a 6-well plate coated with poly-
Hema (Sigma-Aldrich, St. Louis, MO, USA) to obtain NSs as
previously described (21). For the treatment of NS cultures,
10% individual plasma sample from frail, non-frail, or young
individuals was added to the SC medium of each growing
culture. The cultures grown without plasma addition were the
untreated control. After 10 days, the sphere-forming efficiency
(SFE) was determined by counting the number of obtained
floating NSs under a contrast phase microscope (Olympus
Life Science, Tokyo, Japan); this number was divided by the
number of plated cells and is expressed as a percentage (21).

Flow Cytometry Analysis of NS Cells

The floating NSs were also collected and dissociated,
enzymatically and mechanically by repetitive pipette
syringing to generate a single-cell suspension (21). The
dissociated NS cells were then centrifuged and suspended
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in phosphate-buffered saline (PBS) with 5% fetal bovine
serum (FBS) for 15 minutes at RT and then fixed with
4% methanol-free formaldehyde (Thermo Fisher Scien-
tific, Waltham, MA, USA) and permeabilized with 0.1%
Triton X-100 (Sigma-Aldrich). After centrifugation, 70%
cold methanol was added dropwise to the cellular pel-
lets while vortexing, and the samples were then stored at
-20°C for 24 hours (14). After washing, these were stained
at 4°C with FITC-conjugated anti-phospho-histone H2AX
(Ser139) (y-H2AX) (Clone JBW301; Millipore, Burling-
ton, MA, USA; 2.5 mg/mL) for 2 hours or with eFluor
660-conjugated anti-human Ki-67 (Clone 20Raj1; Invitro-
gen, Waltham, MA; 1:200) for 30 minutes. Additional ali-
quots of the same dissociated NS cells were stained with the
FITC Annexin V Apoptosis Detection Kit with propidium
iodide (PI; Biolegend, San Diego, CA, USA) following the
manufacturer’s instructions. The stained samples were then
analyzed, at least 2 x 10* events were acquired, and data
on DNA damage, cell proliferation, and live, early apop-
totic, late apoptotic, and necrotic cells among NS cells were
obtained. A MoFlo Astrios cell sorter equipped with Sum-
mit 6.3 software was used, and data were analyzed with
Kaluza 2.1 software (Beckman Coulter, Miami, FL, USA)
or FCS express 7 (De Novo, Pasadena, CA, USA) for offline
analysis.

Immunofluorescence to Detect y-H2AX in NS Cells

After dissociation of plasma-treated floating NSs, the sin-
gle cells were subjected to cytospinning for preparation for
immunofluorescence staining. The slides were prepared by
spinning 20 000 cells, with the specific plasma treatment,
at 800g for 15 minutes on a Heraeus Multifuge 3S+ Cen-
trifuge (Thermo Scientific). Cytospinned cells were fixed in
freshly buffered 4% paraformaldehyde for 20 minutes. After
blocking with PBS containing 0.1% bovine serum albumin
(Sigma-Aldrich), 0.3% Triton X-100 (Sigma-Aldrich) and
0.1% saponin (Sigma-Aldrich), the cells were incubated
overnight at 4°C with anti-phospho-histone H2AX (Ser139)
(Clone JBW301; Millipore; 1:100) primary antibody. After
rinsing in PBS, the cells were incubated for 1 hour at room
temperature with Alexa Fluor 488-conjugated anti-rabbit IgG
secondary antibody (Molecular Probes Invitrogen, Waltham,
MA, USA; 1:100). The slides were mounted with ProLong
Gold Antifade with DAPI (Molecular Probes Invitrogen)
for nuclear counterstaining. Microphotographs were taken
using a Zeiss LSM710 confocal microscope equipped with
Zen software version 2009, acquiring 10 different micro-
scopic fields (Zeiss, Oberkochen, Germany) for each specific
plasma treatment. The number of y-H2AX+ foci in NS cells,
the percentage of nuclei with multiple foci, and the nuclear
fluorescence intensity were evaluated with Count Nuclear
Foci Plugin-Image] software version 1.53¢ (National Insti-
tutes of Health, NIH, Bethesda, MD, USA; http://imagej.nih.
gov/ij).

Oxysterols and Cholesterol Precursors in Plasma
Samples

The respective levels were determined as described (14,26), in
a set of randomly chosen plasma samples from frail, non-frail,
and young individuals, using isotope dilution gas chromatog-
raphy—mass spectrometry (GC-MS) with a HP 6890 Network
GC system connected to a quadrupole mass selective detector
HP5975B (Agilent Technologies, Santa Clara, CA, USA).

Reactive Oxygen Species Assay

Independent NS cultures were established. Each culture has
been grown for 10 days with a set of 10% plasma from frail,
non-frail, or young individuals. The dissociated NS cells
obtained were suspended in 300 pL of SC medium (21) at
room temperature, supplemented with 10 uM of the flu-
orescent cell-permeable indicator 2’,7’-dichlorofluorescin
diacetate (DCFH-DA; Sigma-Aldrich) and incubated for 30
minutes at 37°C. DCFH-DA was oxidized into fluorescent
27,7’-dichlorofluorescein (DCF) in the presence of intracellu-
lar ROS. Successively, samples were washed with 300 pL of
cold PBS by spinning, and then the pellets were suspended in
300 pL of cold PBS. A total of 2 x 10 events were acquired by
analyzing DCF fluorescence with the MoFlo Astrios cell sorter
at excitation and emission wavelengths of 485 and 528 nm,
respectively. Flow cytometry data were analyzed with Kaluza
2.1 software (Beckman Coulter) or FCS express 7 (De Novo).
The DCF median fluorescence intensities obtained by treat-
ment were normalized versus the respective untreated NS
cells considered equal to 1.

Plasma Cytokines Quantification

The concentrations (pg/mL) of 38 cytokines (Supplementary
Table 7A) in the plasma of 38 frail, 34 non-frail, and 36
young individuals were evaluated using the Human Magnetic
Luminex Screening Assay, performed as a service by Labospace
s.r.l. (Milano, Italy). Details in Supplementary Methods.

Statistical Analysis

Comparisons of clinical data between the frail and non-frail
groups were analyzed with Student’s # test, the Mann-Whit-
ney U test, or the chi-square test, as indicated. Comparisons
of the experimental data among the frail, non-frail, and
young groups were analyzed by 1-way ANOVA with Tukey’s
test or Holm-Sidak’s test for pairwise multiple comparison.
The ORIGINPRO 2016 64BIT software (Origin Lab Corpo-
ration, Northampton, MA, USA) was used. Values of p <.05
(with 95% confidence intervals) were considered statistically
significant. In the box/dot graphs, corresponding to at least 3
independent experiments, each dot represents a single inde-
pendent experiment, the boxes indicate the 25°-75° percen-
tile, the continuous horizontal line into the box represents the
mean, and the dotted horizontal line represents the median.
The variables, first examined individually for their differences
among the frail, non-frail, and young groups, were then also
examined collectively through principal component analysis
(PCA) (27). Details in Supplementary Methods.

Results

Study Population

Seventy-six older adults, 41 frail and 35 non-frail, were con-
secutively recruited based on the frailty phenotype criteria
proposed by Fried et al. (2). Thirty-eight young individuals
(mean age = SD, 29.4 =+ 2.3 years; males 14, females 24) with-
out functional impairments or diseases were also recruited.
The experimental strategy of this study is reported (Figure
1A) and the characteristics of the older adult population are
summarized (Figure 1B). Frail participants were on aver-
age older than non-frail participants (82.5 vs 74.6 years,
respectively), with no significant differences in terms of sex
distribution. Both groups displayed a similar percentage of
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Figure 1. A framework of the study. (A) Experimental strategy. Forty-one frail, 35 non-frail older adults, and 38 young subjects (young: mean

age + standard deviation, 29.4 + 2.3 years; males 14, females 24) were recruited. Collection of peripheral blood samples and separation of plasma and
peripheral blood mononuclear cells (PBMCs). Plasma is used to treat human allogeneic renal cells growing as nephrospheres (NSs) that harbor adult
renal stem/progenitor cells. Evaluation of the sphere-forming efficiency (SFE) of renal stem/progenitor cells. Evaluation of the proliferation, viability,
DNA damage, and ROS production of NS cells. Evaluation of DNA damage in autologous cHPSCs present in PBMCs of plasma donors. Evaluation

of plasma oxidative status and plasma inflammatory cytokines. The difficulty to obtain renal tissue did not permit to include pre-frail subjects in this
study. (B) Clinical characteristics of older adults. Data are summarized as the mean + standard deviation, frequency and percentage, or median and
interquartile range (IQR). Comparisons between groups were analyzed by *Student'’s t test, Athe chi-square test, or #the Mann-Whitney U test, as
indicated. Significance was set for values of p < .05; NS = not significant; N/A = not applicable; MMSE = Mini-Mental State Examination; COPD =
chronic obstructive pulmonary disease. (C) Summary of the experiments and analyses performed for data generation. (B, C) Analytical data are provided
in Supplementary Table 1A and B.
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Figure 2. Effects of 10 days of treatment with plasma from frail, non-frail, and young subjects on NS cells. (A) Phase contrast images representative

of renal cells grown as NS, untreated or treated with the indicated plasma. Scale bar: 100 um. Eleven NS cultures were used (Supplementary Table 2),
and the treatments were made with 17 frail, 16 non-frail, and 16 young plasma samples (Supplementary Table 3). (B) Sphere-forming efficiency (SFE %)
of renal cells grown as NSs and treated with the indicated plasma; data were obtained with a contrast phase microscope. (C) Percentage of NS cells
positive for Ki-67 after the indicated plasma treatment. Flow cytometry data are shown (gating strategy in Supplementary Figure 1). (D) Cumulative
percentage of live, early, late apoptotic, and necrotic NS cells after the indicated plasma treatments, flow cytometry data of Annexin V/PI staining are
shown (representative dot plots in Supplementary Figure 2); color-code: light gray, live; white, early apoptotic; dark gray, late apoptotic; black, necrotic.
(E) Representative flow cytometry dot plots of y-H2AX+ NS cells treated with the same plasma samples as in Figure 2A. FSC = Forward Scatter (gating
strategy in Supplementary Figure 1). (F) Percentage of nuclear DNA-damaged (y-H2AX+) NS cells after the indicated plasma treatments, flow cytometry
data. (G) Percentage of DNA-damaged (y-H2AX+) cHPSCs (Supplementary Table 4) circulating in the subjects donors of the plasma used in panel F
flow cytometry data. (H) Representative cytospin immunofluorescence analysis of nuclear y-H2AX+ foci in 3 different independent NS cultures grown
with 7 frail, 4 non-frail, and 4 young plasma samples. Ten different fields were evaluated for each specific plasma treatment. Scale bars: 50 um; zoomed
inserts: 10 um. Nuclei stained by DAPI. (I) Mean + SEM. of y-H2AX+ foci per 100 nuclei of untreated or treated NS cells. (J) Cumulative % of y-H2AX+
multiple-focus nuclei. Colorcode: light gray, 1 focus; white, 2 foci; dark gray, 3 foci; black, 4 foci; lines upward right, 5-23 foci per nucleus. (K) y-H2AX
fluorescence intensity per nucleus of NS cells. p < .05 obtained with 1-way ANOVA with Tukey's test for pairwise multiple comparison was considered
significant.

current and former smokers and history of allergies. Although
the frail group had a lower percentage of moderate alcohol
consumption than the non-frail group (29.2% vs 51.4%,
respectively), the difference was not significant. The average
Mini-Mental State Examination (MMSE) score was higher
among non-frail participants than among frail participants
(29.0 vs 24.2), but overall, they did not indicate cognitive

impairment. Frail participants had a higher median number
of comorbid conditions (24) documented by medical history
(3 vs 2) and drugs (6 vs 3). A summary of the experiments
and analysis performed on the different plasma samples and
individuals is reported in Figure 1C. The specific characteris-
tics of each individual are provided in Supplementary Table
1A and B. Peripheral blood was collected from the recruited
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individuals, and the separated plasma was scaled in aliquots
and stored at -80°C until use.

Effects of Frail, Non-Frail, andYoung Plasma on NS
Cell Behavior

The effects of plasma from enrolled subjects were evaluated
on 11 cell cultures established from 10 human allogeneic
normal renal tissues obtained after nephrectomy (Supple-
mentary Table 2). The renal cells were grown for 10 days
to give rise to NSs, an in vitro model harboring adult renal
stem/progenitor cells (21-23). The 11 cultures grew in the
presence of 10% plasma from 17 frail, 16 non-frail, or 16
young individuals (Figure 2A). Each plasma was tested on
2-3 cultures and each culture was tested with 3-5 plasmas
(Supplementary Table 3). After this treatment, the SFE was
obtained (Figure 2B). Sphere-forming efficiency indicates
the percentage of plated cells that maintain both the self-
renewal capacity, peculiar characteristics of stem and early
progenitor cells, and the capacity to produce NSs containing
stem/progenitor cells and more mature progenitor cells (21).
The NS cultures treated with frail plasma had a significantly
lower SFE than did the cultures untreated or treated with
plasma from non-frail and young individuals (Figure 2B). As
a marker of proliferation activity, Ki-67 expression (28) on
NS cells after NS dissociation was evaluated by flow cytom-
etry, and the results showed no significant differences among
the various treatments (Figure 2C). Furthermore, analysis
by Annexin V/PI staining showed no differences in viabil-
ity, early or late apoptosis or necrosis among the NS cells
treated with the different plasma samples during NS forma-
tion (Figure 2D).

These data (Supplementary Table 3) indicated that the
plasma of frail patients was able to functionally affect alloge-
neic renal stem/progenitor cells, decreasing their self-renewal
ability (SFE) in an in vitro culture model and that the SFE
decrement was not linked to cell proliferation or cell death.

Frail PlasmaTreatment Increases DNA Damage in
NS Cells

To better understand the functional impairment of
plasma-treated allogeneic NS cells, we investigated DNA
damage, in literature described as an important cause of
stem cell dysfunction (29). The phosphorylation of histone
H2AX in Serine 139 (y-H2AX) represents a single DNA
double-strand break (DSB) at a ratio of 1:1 (30) and is a
good marker of DNA damage. The y-H2AX can be detected
by flow cytometry (31,32). In the same dissociated NS cells
described above, y-H2AX fluorescent foci were detected
(Figure 2E). The highest percentages of DNA-damaged NS
cells (y-H2AX+) in cultures treated with plasma from frail
individuals compared to the other groups were significantly
different (Figure 2F, Supplementary Table 3). The percentage
of DNA-damaged NS cells (Figure 2F) showed an inverse
trend with respect to SFE evaluated in the same cells (Figure
2B). Moreover, the DNA damage in the treated allogeneic
NS cells (Figure 2F) showed the same trend as that in autol-
ogous cHPSCs of a wider population previously described
(14), evaluated with the same flow cytometry method. In
this wider population (14), the donors of plasma used in the
current set of treatments were also present and the percent-
ages of DNA-damaged cHPSCs (y-H2AX+) circulating in
the same plasma of these specific donors were reported (Fig-
ure 2G). Therefore, this cohort of frail individuals had the

highest percentage of autologous DNA-damaged cHPSCs
(y-H2AX+) (Figure 2G, see also Supplementary Table 4), and
their plasma induced the highest percentage of DNA dam-
age (Figure 2F) and the lowest SFE (Figure 2B) in allogeneic
NS cells. Instead, non-frail and young subjects had lowest
DNA-damaged cHPSCs (Figure 2G), and their own plasma
induced lowest DNA damage (Figure 2F) and maintained
highest SFE (Figure 2B) in NS cells. In addition, 3 further
different NS cultures (Supplementary Table 2) grown in the
presence of 10% plasma from 7 frail, 4 non-frail, or 4 young
individuals were dissociated, subjected to cytospinning, and
immunostained for a better evaluation of cells positive for
nuclear y-H2AX+ foci (Figure 2H). The confocal analysis of
cells treated with frail plasma showed a significantly higher
mean number of y-H2AX+ foci per 100 nuclei (Figure 2I)
and a higher percentage of nuclei with multiple foci (Fig-
ure 2J), which was also confirmed by the highest nuclear
v-H2AX fluorescence intensity following frail plasma treat-
ment (Figure 2K).

These data showed that the plasma of frail patients was
able to cause a significant increase in the percentage of allo-
geneic NS cells with increased DNA damage that matched the
reduced self-renewal capacity (SFE) of plasma-treated renal
stem/progenitor cells. In addition, there was evidence that a
significantly higher percentage of autologous cHPSCs with
DNA damage circulated in the same frail plasma.

Oxysterols and Cholesterol Precursors in Frail
Plasma

In the plasma of frail individuals, we had previously detected
significantly higher levels of 8-hydroxy-2-deoxy guanosine
(8-OHdG) (14), a byproduct of oxidative DNA damage;
therefore, the highest DNA damage could be related to an
abnormally high oxidative status. To document the eventual
role of ROS as responsible for DNA damage, 3 additional NS
cultures (Supplementary Table 2) were grown for 10 days in
the presence of increasing concentrations of hydrogen per-
oxide (H,0,), and more DNA damage and a decrease in SFE
were observed (Supplementary Figure 3). The mitochondria
are frequently involved in aging-related dysfunction (7) asso-
ciated with the altered production of ROS, and we wondered
if mitochondrial functional impairment could be detected in
the plasma of our frail individuals. 27-Hydroxycholesterol
(27-OHC), a marker of mitochondrial cholesterol elimina-
tion, whose levels are decreased in the case of mitochondrial
impairment (26), and lathosterol and lanosterol, markers of
cholesterol synthesis depending on the mitochondrial pro-
duction of citrate (26), were significantly decreased in the
plasma of frail individuals compared to non-frail, suggesting
impaired mitochondrial function (26) (Figure 3A). Circulat-
ing 24-hydroxycholesterol (24-OHC), which depends on the
number of metabolically active neurons, was also decreased,
reflecting neuron loss (33). In our frail patients, mitochon-
drial dysfunction may be responsible for the activation of
oxidative stress that manifested as the significant presence
of autoxidation forms of cholesterol (26), as previously
reported in the same frail plasma (Ref. 14; see also Supple-
mentary Table 5B).

These results showed that in the plasma of our frail individ-
uals, there was documentation of mitochondrial dysfunction
and activation of oxidative stress that may affect different
tissues.
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Figure 3. Plasma oxysterols and cholesterol precursors, intracellular ROS in NS cells, plasma cytokine concentrations. (A) Levels of 27-OHC, lathosterol,
lanosterol, and 24-OHC in plasma samples from 17 frail, 18 non-frail, and 10 young individuals (Supplementary Table 5). (B) Left, representative
production of intracellular ROS in NS cells with or without treatment with the indicated plasma during growth, flow cytometry analysis of 27,7"-
dichlorofluorescein (DCF) (gating strategy in Supplementary Figure 1). Right, median DCF fluorescence intensity peak in dissociated NS cells of 5
different independent NS cultures, each one treated during growth with individual plasma from a set of 5 frail, 5 non-frail, or 5 young individuals; there
were 5 untreated NS cultures (Supplementary Table 6). The DCF median values of plasma-treated cells were normalized to the DCF of corresponding
untreated NS cells considered equal to 1. (C) Cytokine concentrations (pg/mL) of I-6, CX3CL1, CXCL9, IL-1a, and CD40 were significantly higher in frail
plasma. Cytokines were evaluated in 38 frail, 34 non-frail, and 36 young subjects by the Human Magnetic Luminex Screening Assay (Supplementary
Table 7A). A p value < .05 by 1-way ANOVA with Tukey's test or Holm-Sidak's test for pairwise multiple comparison was considered significant.
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Intracellular ROS Formation in NS Cells

We also investigated whether treatment with plasma itself
could cause ROS formation in NS cells. Intracellular ROS
were assessed by detecting DCF in 5§ NS cultures (Supple-
mentary Table 2) grown in the presence of 10% plasma from
S frail, 5 non-frail, or 5 young individuals. Flow cytometry
analysis, looking at the shift in the DCF fluorescence inten-
sity peak, documented a significant intracellular ROS increase
elicited by frail plasma in the treated cultures (Figure 3B, Sup-
plementary Table 6).

Therefore, the plasma of frail individuals was able to elicit
intracellular ROS production in NS cells, likely related to a
specific frail plasma composition.

Cytokines in Human Plasma Samples of Frail, Non-
Frail, and Young Subjects

The above findings provide a strong indication to evaluate
components of plasma that may have a role in modulating the
oxidative status of frail subjects. The inflammaging described
as a characteristic aspect of aging (34) prompted us to eval-
uate a panel of inflammatory cytokines (9,35). Thirty-eight
inflammatory cytokines in human plasma samples from 38
frail, 34 non-frail, and 36 young subjects were analyzed
by Luminex assays (Supplementary Table 7A). The results
showed that IFNy, IL5, and IL12p70 were quantifiable only in
3 or fewer plasma samples of the studied groups. Several cyto-
kines showed a trend toward a concentration increase in the
plasma of the frail group (CXCL10, G-CSE, GM-CSFE, TGF-a,
CCL3, CCL7, IL-4, IL-7, IL-8, VEGE, CCL2, CCL22, CXCL1,
and CXCL12) in comparison with the non-frail group. Other
cytokines were more abundant in the plasma of the non-frail
(CCL11, FLT3 LIGAND, CCL4, IL-13) and young (RANTES,
PDGE-BB, PDGF-AA, EGE, CD40 LIGAND) groups. In addi-
tion, IL-15, IL-1B, IL-2, IL-17, and TNF-f were exclusively
represented in some frail plasma samples (Table 1A). More-
over, TNF-a was present in 15 frail and 3 non-frail subjects,
and IL-10 was present in 6 frail and 4 non-frail subjects;
neither cytokine was observed in young subjects (Table 1A).
However, among the data of the studied plasma cytokines,
the mean levels of § (IL-6, CX3CL1, CXCLY, IL-1a, CD40)
were significantly higher in frail subjects than in the others
(Figure 3C). Even in the subgroup (Supplementary Table 7B)
of randomly selected plasma samples used to treat NS cells,
the cytokines that in the overall population were significantly
more abundant in frail plasma (IL-6, CX3CL1, CXCL9,
IL-1a, CDA40), those found exclusively in frail plasma (IL-135,
IL-1pB, IL-2, IL-17, TNF-f) and those found in both frail and
non-frail plasma (TNF-a, IL-10), maintained a higher mean
concentration in the frail plasma of the selected samples (Table
1B). Moreover, their presence in frail plasma matched the ele-
vated DNA damage and the reduced SFE in the allogeneic
NS cells following treatment, and both the elevated oxidative
stress and the elevated DNA damage of autologous cHPSCs
in the respective plasma (Supplementary Table 7B). Of note,
the literature data report that some of these cytokines (ie, [L-6
(36), CX3CL1 (37), [L-1a (38), CD40 (39), IL-1p (40), IL-17
(41), TNF-at (42), IL-4 (43), and CCL2 (44)) interacting with
the respective receptors on different cell types are able to elicit
intracellular ROS formation (Table 1B). Although we do not
have the receptor profile of our NS cells, it is suggestive from
a clinical point of view that “The Human Protein Atlas” data-
base (https://www.proteinatlas.org/) reports the expression of

the specific receptors of many of these cytokines on renal cells
(Table 1B).

These results suggest that in frail subjects, the plasma pro-
file of the studied inflammatory cytokines and their capacity
to induce oxidative stress could have a role in modulating the
stem characteristics in not only the renal tissue but also the
tissues of the organism more broadly.

Whole Integration of the Studied Variables

After examining the individual variables for their differences,
as presented in the previous paragraphs, we performed a PCA
to analyze them together. The variables were classified into
different domains represented by the following: (i) plasma
oxidative status, (ii) plasma inflammatory cytokines, (iii)
DNA-damaged homologous cHPSC (herein referred as to
v-H2AXcHPSC), (iv) SFE, and (v) DNA-damaged allogeneic
NS cells (herein referred as to y-H2AXNSC; see Supplemen-
tary Methods). Incorporating age and sex variables into the
PCA did not significantly alter the explained variance or the
overall data structure, confirming that the primary patterns of
variability are predominantly driven by the biological exper-
imental data. The aim was to evaluate whether this analysis
would reveal a distribution of individuals who aligned with
their clinical classification (Figure 4, Supplementary Table
8). The distribution of individuals whose plasma variables
were analyzed within the oxidative status, cytokines, and
v-H2AXcHPSC domains is summarized in Figure 4A. The
distribution of individuals based on merging of all the plasma
variables considered in Figure 4A, with the addition of SFE
and y-H2AXNSC for documentation of the effects of the
different plasmas on NS cells, is shown in Figure 4B. Both
panels along PC1 seemed to exhibit a trend toward a distinct
distribution of the frail group, although with broad variabil-
ity. Non-frail individuals spanned mainly PC2, particularly in
Figure 4B. The young group in Figure 4A had some over-
laps between non-frail and young individuals, indicating the
presence of some similarities in the profiles of their variables.
Instead, incorporating the 2 variables associated with the
effects of plasma on NS cells (Figure 4B), young individuals
predominantly occupied the quadrant characterized by high
PC1 and low PC2 values, exhibiting a more distinct segrega-
tion compared to the non-frail individuals. The distinct group-
wise segregation and variability within groups suggested,
with caution due to the relatively small sample size, a possible
differential role that the studied variables might play in the
context of frailty. The distribution of frail individuals in these
analyses was dominated by variables reported in Supplemen-
tary Table 8. All these variables had a significant biological
role in frailty, as reported in the previous paragraphs. Of note,
the comorbidities did not seem to influence the organization
of frail individuals in the space of the first 2 PCs. Figure 4A
and B show the endpoints of the steps in which the differ-
ent variable combinations were progressively analyzed. The
oxidative status and cytokine variables were first analyzed
separately and then together (Figure 4C-E). In the plot of the
oxidative status variables (Figure 4C), frail individuals were
in a different quadrant than the other 2 groups. Of note, there
seemed to be less diversity within the young and non-frail
groups, which were located in the same portion of the plot,
distributed across PC1. The presence of overlaps between
non-frail and young individuals indicated some similarities
in their profiles. Frail and non-frail individuals had a more
diverse within-group oxidative stress profile. The cytokine
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Table 1. Characteristics of Plasma Cytokines

(A)
Cytokines Frail Plasma Non-Frail Plasma
Positive Plasma (Gender) pg/mL Median (Range) Positive Plasma (Gender) pg/mL Median (Range)
IL-15 9 (3F/6M) 4.7 (3.9-13.0) - ;
IL-1B 4 (2F2M) 26.6 (11.5-50.6) - -
IL-2 2 (2M) 94.3 (85.6-102.9) - -
IL-17 2 (2M) 149.8 (12.5-287.1) - ;
TNEB 2 (2M) 134.5 (8.8-260.2) - -
TNFa 15 (9F/6M) 7.8 (4.7-198.7) 3 (1F2M) 6.7 (6.0-7.0)
IL-10 6 (4F2M) 3.9 (2.6-441.6) 4 (3F/1M) 42.9 (5.2-410.6)
(B)
Cytokines  Frail Plasma Non-Frail Plasma Young Plasma Receptor Tubule/ Cellular
Glomerule  Ros
n Positive  pg/mL n Positive  pg/mL n Positive  pg/mL Expression
Plasma Mean = SD Plasma Mean+SD  Plasma Mean + SD Level
(Gender) Median (Gender) Median (Gender) Median
IL-6 7F/ISM 27 42 2F/4AM 8§+9 0 IL6R/IL6ST  High/Low YES (Ref.
12 5 36)
CX3CL1 9F/3M 2297+ 1351 SFI3M 980 =618 3F2M 21511363 CX3CR1 High/Low YES (Ref.
2057 663 1916 37)
CXCL9 4F/3M 652 =557 2F 518 =194 1M 508 CXCR3 -/- -
490 518 508
IL-1a 6F/4M 21+19 2F2M 12+ 11 2M 15«7 IL1R1 High/High YES (Ref.
13 9 15 38)
CD40 13F/8M 11141266 10F/12M 482 =233 11F/8M 366 =179 CD40 Low/- YES (Ref
923 430 304 39)
IL-15 2F/SM 6=+3 0 0 IL1SRA Medium/ -
S Low
IL-1B 2F/1IM 22217 0 0 ILIR1 High/High  YES (Ref.
12 40)
IL-2 M 103 0 0 IL2RA,B,G -/- -
103
IL-17 M 12.5 0 0 IL17R medium/- YES (Ref.
12.5 41)
TNEp ™M 8.8 0 0 TNFRSFIB  High/- -
8.8
TNFa 7FISM 24+ 55 1F2M 6=0.5 0 TNFRSF1A  Medium/ YES (Ref.
8 7 Low 42)
IL-10 2F2M 114 =218 2F 208 =287 0 IL10Rb Medium/- -
7 208
IL-8 12F/8M 21+19 9F/11M 1315 7FISM 6+3 CXCR1 Medium/- -
13 10 4
IL-4 9F/5SM 74 = 35 6F/6M 53+29 1F2M 59 =14 IL4R Medium/- YES (Ref.
68 42 59 43)
CCL2 13F/8M 739 =1 303 10F/12M 427 = 124 11F/8M 305 =76 CCR2 Medium/- YES (Ref.
444 426 292 44)
TGFa 10F/6M 83 6F/SM 73 2F/3M 7+3 EGFR High/ -
8 6 6 Medium
CXCL10 12F/7M 174 = 88 10F/12M 141 =129 11F/8M 68 =20 CXCR3 -/- -
165 97 67

Notes:.(A) Cytokines that in the overall plasma analyzed (38 frail, 34 non-frail, 36 young plasma) are exclusively present in some frail or frail and non-
frail plasma (Supplementary Table 7A). (B) Subgroup of 21 frail, 22 non-frail, 19 young plasma used for treating NS cultures (Supplementary Table 7B),
are shown some cytokines, prevalent in the frail plasma subgroup and with dominating role in PCA analysis. The expression level of the specific cytokine
receptors on renal cells, based on “The Human Protein Atlas” database (https://www.proteinatlas.org/), and the cytokine capacity to induce intracellular
ROS (YES) were reported.
Gender, F = Female; M = Male; Ref = reference number; -/- or - = negative result.
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Figure 4. PCA results, distribution of subjects along the first 2 principal
components (PC1 and PC2). (A) Distribution of 13 frail, 18 non-frail,

and 9 young individuals based on the merged data of the oxidative
status, cytokines, and y-H2AXcHPSC variables of their own plasma.

(B) Distribution of 9 frail, 9 non-frail, and 5 young individuals based on
the merged data of the oxidative status, cytokines, and y-H2AXcHPSC
variables of their own plasma and the variables SFE and y-H2AXNSC for
the effects of the same plasma on NS cells. (C) Distribution of 17 frail,
18 non-frail, and 10 young individuals based on data on their own plasma
oxidative status variables. (D) Distribution of 36 frail, 34 non-frail, and
36 young individuals based on data on their plasma cytokine variables.
(E) Distribution of 13 frail, 18 non-frail, and 9 young individuals based on
the merged data of their plasma oxidative status and cytokine variables.
Each point represents a subject. Color-coded: red, frail; green, non-frail;
blue, young. Point shape represents the number of comorbidities of the
subject: triangles, more than 2; circles, 2 or less than 2. Supplementary
Table 1B shows the individual subjects whose data were used for this
integrated analysis.

plot (Figure 4D) did not show separation; the overlap of the
young and non-frail individuals suggested more similar pro-
files, while the frail individuals had a discernible rightward
spread distribution, indicating a larger variability. When oxi-
dative status and cytokines were analyzed together (Figure
4E), the frail subjects returned to occupy a separate portion
of the space, maintaining a broader spread in both PC1 and
PC2. Non-frail individuals were located mostly between frail
and young individuals and showed a tighter grouping. The
young individuals displayed minimal spread and did not over-
lap with frailty along PC1. From the PCA, it was evident that
oxidative status variables were paramount in capturing the
intrinsic variability within the data. Of note, even in Figure
4C and E the distribution of frail individuals appeared to be
independent of comorbidities.

Discussion

In the studied population, we investigated whether biological
features could influence the stem cell behavior of the human
renal stem/progenitor cell compartment and contribute to
defining frailty status in frail older adults. Here, we showed
that the plasma of frail patients was able to reduce the SFE of
allogeneic human adult renal stem/progenitor cells growing
to form NSs. The reduced SFE matched with increased DNA
damage in NS cells and impaired mitochondrial function, as
observed in frail plasma. The ensuing possible accumulation
of ROS, with oxidative stress activation, is also supported by
the significant increase in some autooxidation forms of cho-
lesterol (14), previously analyzed in the plasma of the same
frail subjects. Our findings also suggested that the alterations
observed in allogeneic NS cells treated with frail plasma were
significant responses to stimuli determined by factors present
in these plasma samples. These factors may pose a risk to var-
ious tissues, potentially affecting the self-renewal capacity in
their stem compartments (8). In this context of frailty, cytokine
profiles can also play a role, as they are closely interconnected
with other biological parameters, such as oxidative activity
and DNA integrity (1,5,6). Our analysis of 38 inflammatory
cytokines showed that some of them were significantly more
abundant or exclusive in frail plasma, and a few were absent
in plasma from young individuals. Among these cytokines,
IL-6 and IL-1f are described as characteristically associated
with inflammaging (1,45). It was also shown that the levels of
IL-6 are more heterogeneous in frail individuals than in young
individuals (12). In our study, the levels of the cytokines ana-
lyzed were more heterogeneous in frail individuals than in
young and non-frail subjects, as also evidenced by the PCA of
our data. It was not surprising that some of the more concen-
trated cytokines, even present in the randomly selected frail
plasma used for our treatments, were able to elicit intracellu-
lar ROS, as reported in the literature (36-44). This character-
istic is clinically relevant, as it can disrupt the homeostasis of
different tissues due to in vivo interactions between cytokines
and their specific receptors expressed on differentiated cells
or stem cells. Our data, showing the alterations in intracel-
lular ROS, DNA damage, and SFE in treated allogeneic NS
cells, have substantiated the role that the combination of
mitochondrial functional impairment and increased oxidative
stress with the peculiar profiles of inflammatory plasma cyto-
kines could play in frail patients. In addition, in the same frail
individuals, donors of plasma that significantly affected DNA
and SFE in allogeneic NS cells, there was a significant in vivo
increase in DNA-damaged autologous cHPSCs, which likely
may also have functional alterations (15,16). Our data, show-
ing that the same plasma has relation with DNA damage of
both autologous and allogeneic cells, has enhanced the possi-
bility that in frail patients various stem/progenitor cell com-
partments may be targets induced to exhaustion, contributing
to the development of frailty. Our study was also motivated
by the frequent involvement of the kidney in frailty, and due
to ethical considerations, we only indirectly examined the kid-
ney compartment, drawing upon our experience with NS cells
(21-23). Regardless, the data obtained can serve as a moti-
vating starting point for broader research analyzing whether
the concomitant deterioration of the functions of diverse stem
cells is associated with frailty in older adults. In this regard,
an investigation of the alterations in the muscle stem cell
compartment and their connections with sarcopenia, often
associated with frailty (11,46), would yield intriguing results
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if other stem cells were also studied in such research. This
could further support the hypothesis of concomitant dete-
rioration across multiple stem cell compartments in frailty.
PCA used to integrate the data concerning the variables of
the different domains indicated the potential to delineate a
biological difference in frailty status in comparison with the
non-frail and young status. The spatial distribution in the
PCA plots containing oxidative status variables underscored
differences among frail, non-frail, and young groups, and the
consistent positioning of these groups, even upon inclusion of
other variables, attested to the dominance of oxidative stress
factors. In addition, the stratification of individuals based on
comorbidities maintained the observed difference between
frail and other groups. This finding was in agreement with the
description that frailty can occur independently of the pres-
ence of comorbidities (1,2) and is not synonymous with either
comorbidity or disability. The integration of variables, while
not allowing a link to the variable specification of the single
patient, revealed more quantitatively pronounced molecular
profiles in frail individuals than non-frail individuals. There-
fore, these data can pave the way for further characterization
of cellular and molecular alterations that may be important if
they precede overt clinical symptoms, as early frailty can be
managed (47). New approaches to develop ameliorating ther-
apeutic strategies that act on damaged cells, oxidative stress,
and inflammatory profiles are encouraged (8,46,48,49).

In conclusion, the data obtained from our analysis of a
frail population converged toward the existence of biologi-
cal conditions capable of defining frailty and causing stem
cell exhaustion, highlighting the possibility of concomitant
impairment in several stem compartments. Our data from a
clinical setting indicate the possibility that the exhaustion of
stem cells can be the “last culprit” (5), which acts as a “shared
biological driver for parallel dysregulation” (1) of multiple
systems in different tissues.

Supplementary Material

Supplementary data are available at The Journals of
Gerontology, Series A: Biological Sciences and Medical
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